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Haemosporidian parasites are the agents of malaria. Countless vertebrates are
affected by haemosporidians each year. Haemosporidians have been shown to be 
evolving at rapid rates; leading to new species of haemosporidians being discovered and 
new host associations being made. 
Adaptive molecular evolution was detected in an important hemoglobin 
degradation gene, falcilysin. At multiple sites across multiple genes signatures of 
negative selection were detected. The signatures of selection across non-hemoglobin 
degradation genes were indicative of evolutionary conservation when compared to the
more variable hemoglobin degradation genes. This is probably due to the important role 
the hemoglobin degradation genes play in haemosporidian metabolism. 
A survey of local passerines detected a parasite prevalence of 57%. This included 
three genera of haemosporidians detected across six lineages and two more distantly
related sequences. Leucocytozoon was detected for the first time in Mississippi songbirds, 








This thesis is dedicated to my family. Their constant love, support, and 
















First, I would like to thank my major professor, Diana Outlaw, without whom 
none of this would be possible. Thank you for allowing me to work in your lab these last 
few years and for your continued support and encouragement. I would also like to thank 
my committee members, Brian Counterman and Matt Brown. Thank you for your helpful 
input on my thesis research along with material I have learned in and out of class that has 
helped me excel beyond my current research. Thank you to Jessica Aycock for her 
constant support, troubleshooting ideas and companionship. Many undergraduate 
students have also contributed to this thesis: Erin McDevitt, Beth Baker, Skyla McElroy, 
Terrika Flowers, Katie Rose Anthony, Josh Hutson, and Tate Johnson.
Susan Perkins, Olof Hellgren, and Staffan Bench played essential roles in 
completing this thesis by sending the gene transcripts that were analyzed. Thank you to 
Susan Perkins for also allowing me to be a visiting scientist for two weeks at the
American Museum of Natural History. The department, especially the Zernickow fund, 
has allowed me to purchase materials I needed to collect blood samples. 
And lastly, I would like to thank my family and friends for their constant support, 





   
   
   
    
 





























LIST OF TABLES............................................................................................................ vii







History of Malaria .................................................................................................7
Haemosporidian Speciation...................................................................................9
Host switching .....................................................................................................10
II. ADAPTIVE MOLECULAR EVOLUTION IN HAEMOSPORIDIAN 
PARASITES ...........................................................................................13
Introduction to hemoglobin degradation .............................................................13
Materials and Methods ........................................................................................14
Hemoglobin Degradation and Other Genes ..................................................14
Gene Alignment.............................................................................................16
Phylogenetic Tree ..........................................................................................18
Branch Model Analysis .................................................................................18
Fixed Effects Likelihood Analysis ................................................................19
Final Tree.......................................................................................................19




paml and HyPhy Results .........................................................................20
Gene Trees...............................................................................................21
Falcilysin .......................................................................................................21

















































paml and HyPhy Results .........................................................................22
Gene Trees...............................................................................................23
Cytochrome b 5 .............................................................................................23
paml and HyPhy Results .........................................................................23
Gene Trees...............................................................................................23
Sepiapterin Reductase Enzyme .....................................................................24
paml and HyPhy Results .........................................................................24
Gene Tree ................................................................................................24
Apical Membrane Antigen 1 .........................................................................24
paml and HyPhy Results .........................................................................24
Gene Tree ................................................................................................25
Eukaryotic Initiation Factor 2........................................................................25
paml and HyPhy Results .........................................................................25
Gene Tree ................................................................................................25
5-methoxycarbonylmethyl.............................................................................26
paml and HyPhy Results .........................................................................26
Gene Tree ................................................................................................26
GC Content and Significance Test ......................................................................26
Discussion............................................................................................................32
Hemoglobin Degradation and Non-Hemoglobin Degradation Genes...........32
GC Content ....................................................................................................40
Conclusion...........................................................................................................41
III. DIVERSITY OF MALARIA PARASITES IN LOCAL PASSERINES ...........42
Avian malaria ......................................................................................................42
Materials and Methods ........................................................................................43
Field Work.....................................................................................................43
Analyses ........................................................................................................45

















   
 
    
   
  
   
  






A. SUPPLEMENTAL METERIAL FOR CHAPTER II ........................................67
A.1 GC Content ..............................................................................................68
A.2 Fixed Effects Likelihood Results .................................................................69
A.3 Phylogenetic Analysis by Maximum Likelihood Results ............................69
A.4 Legend for the species trees..........................................................................70







     
    
   
    
    
      
    
    




1.1 Avian Haemosporidian genera and their hosts .................................................5
3.1 Netting locations ..............................................................................................44
3.2 Parasite prevalence...........................................................................................48
3.3 Parasite prevalence in regard to haemosprodian genera ..................................48
A.1 GC content in percentage.................................................................................68
A.2 FEL results for positive and negative selection of genes.................................69
A.3 Paml results for all genes .................................................................................69
A.4 Species tree legend...........................................................................................70





   
      
        
      
     
     
      
       
      
    
    
    




1.1 Life cycle of haemosporidians (Winzeler 2008).........................................................6
2.1 Haemoglodin Degradation in haemosprodian parasites ...........................................14
2.2 Plasmepsin II phylogeny with a ω of 0.04…………………………………………28
2.3 Falcilysin with a phylogeny ω of 0.026…………………………....………………28
2.4 Aminopeptidase phylogeny with a ω of 0.17……………………………....………29
2.5 Cytochrome b5 phylogeny with a ω of 0.04…………………………….…...…….29
2.6 Sepiapterin Reductase Enzyme phylogeny with a ω of 0.004………….……….…30
2.7 Apical Membrane Antigen I phylogeny with a ω of 0.002…………….……….….30
2.8 Eukaryotic Initiation Factor 2 with a ω of 0.0088…………………………………31
2.9 5-methoxycardonylmethyl phylogeny with a ω of 0.0088………………….….…31
3.1 Plasmodium phylogenetic tree……………………………...………………......…50
3.2 Haemoproteus phylogenetic tree……………………………...…………….…….52
3.3 Leucocytozoon phylogenetic tree……………………………………………........54
A.1 GC content in bar graph……………………………...………………......……….68







   
















Haemosporidians are unicellular protozoan blood parasites that are the agents of 
malaria. They reproduce and spread to vertebrate hosts using a dipteran insect as a vector 
(Borner et al. 2016).  In 2016 alone, there were 212 million cases of malaria globally and 
429,000 deaths. Children are at the greatest risk of infections and death, accounting for
over two thirds of global deaths (WHO 2012, Crompton et al. 2010). Most of these cases 
are in Africa; however, Asia has recently seen an increase in malaria infections because
of the rising instance of antimalarial drug resistance (Ashely et al. 2014, Gardner et al.
1999). Artemisinin is the most commonly used antimalarial drug that some parasites are
now able to resist. This problem arises from a single point mutation in the electron 
transport chain that is located in the mitochondrial genome of the parasite (Crompton et 
al. 2010, Ashley et al. 2014). Insecticides and mosquito nets have helped to decrease the 
prevalence of malaria, however, in many countries there is now also a spread of mosquito 
resistance to insecticides (WHO 2012). These are just the statistics on the human malaria 
parasites. Hence, these do not consider the wide geographic range and extremely high 
infection rate of haemosporidian parasites in mammals, birds, and reptiles. 
There are many genera and species of haemosporidians. Some genera of 













   
 
     
 






specialists and are specific to a certain vertebrate group (Drovetski et al. 2014, Borner et 
al. 2016). Generalist haemosporidian parasites have been shown to be the main type of 
parasite to infect novel hosts and are more numerous than specialists in their host 
populations (Santiago-Alarcon et al. 2014).  
Throughout the evolutionary history of haemosporidian parasites, they have
spread to over 10,000 avian host species with new haemosporidians being discovered all
the time (Ricklefs et al. 2014). Habitat alteration can affect the prevalence of malaria; 
increased levels of sunlight, associated with deforestation, have been shown to increase
the abundance of mosquitoes (Loiseau et al. 2013). Studies have suggested that malaria
prevalence is highly affected by climate conditions and that transmission will continue to 
increase as the climate continues to warm (Daszak et al. 2000). 
The key to adaptation in parasites seems to be the ability of the parasite to avoid 
the hosts’ immune system. Haemosporidian parasites have been shown to evolve with 
their hosts in order to continue this arms race and exploit any new immune defenses the 
host has acquired.  (Ricklefs et al. 2014, Loy et al. 2017, Silvia et al. 2015). Research on 
a broader range of hosts would be beneficial because of the complex relationships 
between parasites and hosts.  (Ricklefs et al. 2014). It is unknown if there are
evolutionarily conserved responses to malaria infection because of the lack of molecular
information across a diverse group of hosts (Videvall et al. 2015). Unfortunately, most of 
the research has been on “single host-single pathogen interactions” with little research on 
less common malaria parasites and non-mammalian hosts (Davies et al. 2008). A better
understanding of malaria parasites across a broad host range of hosts will help explain 

















The adaption, evolution and host switching of haemosporidians is an area of 
intense study and new information is being gathered at a rapid pace. There are many
questions left unanswered regarding the mechanisms potentially responsible for host
switching and speciation. A better understanding of these mechanisms is vital for our 
continued battle against malaria.
Because of haemosporidians’ ability to evolve and evade host immune systems, I
analyzed genes involved in the hemoglobin degradation pathway for signatures of 
selection. Hemoglobin degradation is an extremely important metabolic process that 
occurs in the acidic food vacuole. This process is responsible for the intraerythrocytic
development that must occur before parasites mature and rupture from the red blood cells 
to continue the infection cycle (Goldberg et al. 1990). 
Genes from avian, mammalian, and reptilian transcriptomes were aligned, and 
patterns of selection were evaluated using codon substitution models across gene
alignments. We used the program paml (Yang 2007) to determine the best estimate of 
selection within each tree (i.e., branch model), and determined, on each branch of tree, 
which amino acid residues were under selection (positive or negative) by using the 
program hyphy (Kosakovsky et al. 2005). Analyzing the gene alignments using paml and 
hyphy helped to uncover how selection has changed the hemoglobin degradation pathway
of haemosporidian parasites. Four genes identified to be involved in the hemoglobin 
degradation pathway, and four other significant genes, were put into orthologous 
alignments using Sequencher 5.4.6 and Mesquite 2.75 (Maddison et al. 2011). Paml 4.0 
(Yang 1997) was used for a branch-model analyses on an annotated phylogenetic species 



















   
 
1997). A site model analysis was then conducted, using hyphy, to estimate dN/dS of sites 
under different types of selection (Outlaw & Ricklefs 2010). Site models allow us to 
determine what type of selection is occurring at different sites; i.e., codons (Yang 1997). 
For my second objective, a survey of the haemosporidians in the local populations
of common and abundant birds was conducted. Mist nets were used to capture local 
passerines and blood was taken from the brachial vein for screening and identification, 
and to determine the phylogeny of haemosporidian parasites. 
Host-Parasite Specificity
Malaria parasites belong to the phylum Apicomplexa, order Haemosporidia, 
which are unicellular parasites with a secondary endosymbiotic plastid derived organelle
(an apicoplast), which has its genome, and organelles for penetration of host cells to 
cause infection. There are over 500 extant species in this order that are organized into 
four main families, Plasmodiidae, Haemoproteidae, Leucocytozoidae, and Garniidae; 
each of which is transmitted by a different dipteran vector. Within each family there are
numerous genera. The most prevalent and well-studied of those genera are Plasmodium, 
Hepatocystis, Polychromophilus, Nycteria, Haemoproteus, Parahaemoproteus and 
Leucocytozoon (Table 1.1). Haemoproteus and Leucocytozoon have only been shown to 
infect avian species, Plasmodium has been shown to infect mammals, birds, reptiles, and 
Polychromophilus and Nycteria have only been shown to infect mammals, mostly bats 
(Borner et al. 2016, Perkins 2010). There are at least 15 extinct species of
haemosporidians that have been identified by phylogenetic studies (Perkins 2010). 





   












order are the avian malaria parasites Leucocytozoon, Haemoproteus, and 
Parahaemoproteus (Galen et al. 2017). 
Table 1.1 Avian haemosporidian genera and their hosts 









All haemosporidians share a similar complicated life cycle (Perkins 2014, Borner 
et al. 2016) (Figure 1.1). They must all have a blood feeding dipteran as the vector for
transmission. Malaria parasites use many blood feeding insects as vectors, however 
mosquitoes and biting midges are the most common. The type of dipteran that 
haemosporidians use for their transmission is different depending on the type of hosts
they infect and the type of haemosporidian species. Since some haemosporidians are
generalists and some are specialists, not all haemosporidians can infect the same host or 
use the same dipteran for their transmission (Valkiunas et al. 2014).  
The life cycle of haemosporidians, here characterized using Plasmodium, begins 
with the pre-erythrocyte cycle.  An infected female dipteran pierces the skin of the host
and releases sporozoites into the bloodstream, which then travel to the liver to infect 






     
  
   




   
 
   
that are released from the liver and into the bloodstream. Once in the blood cells, the 
parasites, now called gametocytes, replicate and burst from the blood cells spreading
throughout the blood stream. This causes the blood-stage infection of the host and the
symptoms begin. This is also the stage that most antimalarial drugs target (Valkiunas et 
al. 2014). During the blood-stage some of the gametocytes are able to infect a new 
dipteran when a blood meal is taken from an infected vertebrate. It is not well understood 
how only some gametocytes are able to transmit the infection. When the gametocytes are
taken up by a new dipteran the male and female gametes undergo fertilization in the
dipteran midgut by sexual reproduction. The parasites then travel to the salivary glands 
where they are injected into the host when the infected dipteran takes another blood meal. 
Hepatocystis, Polychromophilus, and Nycteria do not have the ability to asexually
reproduce and replicate in the blood cells of the host, as the other genera of 
haemosporidians. They instead reproduce only in the tissue of the infected vertebrate 
(Borner et al. 2016, Crompton et al. 2010). 
























Climate change, urbanization, population growth and deforestation are escalating
the geographic spread of malaria parasites (Loiseau et al. 2013). Studies have shown 
associations between diseases such as malaria and extreme weather patterns (Cohen et al.
2012). Expansion of dipteran range has been proposed to explain the malarial resurgence
events in South America, Africa, and Asia in the 1980s (Dazak et al. 2000, Cohen et al.
2012). For example, warming temperatures in the western highland region of Africa in 
the 1980s positively correlated with an increase in malarial infections (Cohen et al.
2012). Dipterans are able to enter new environments where they have never been able to 
survive before because of warming temperatures (Daszak et al. 2000). Habitat alteration 
can also affect the prevalence of malaria. Increased levels of sunlight, associated with 
deforestation, have been shown to increase the abundance of dipterans (Loiseau et al.
2013). Studies have suggested that malaria prevalence is highly affected by climate
conditions and that transmission will continue to increase as the climate continues to 
warm (Daszak et al. 2000). 
Avian haemosporidians (Haemoproteus, Parahaemoproteus, Plasmodium, 
Leucocytozoon) have been found in all regions of the world except Antarctica and have
been discovered at elevations of up to 3000 meters above sea level (Valkiunas 2005).
History of Malaria
Extant malaria parasites are thought to have begun diversifying less than 20 
million years ago (Ricklefs & Outlaw 2010). References to malaria have been dated back 
to the sixth century BC (Perkins 2014, Cox 2010). From the early records of malaria 






   
 
  
   
   
  
 





   
     
  
miasmas rising from the swaps by which they lived; that is how malaria got its name, 
from the Italian word meaning spoiled air. Malaria was officially discovered as a parasitic 
protozoan, instead of the formerly thought bacterium, in 1880 by Charles Laveran. By
1890 the three most common genera of haemosporidians had been discovered and named 
by Vassily Danilwsky, and by 1899 Ronald Ross had shown that malaria was transmitted 
by dipteran insects; not from the previously believed drinking of infected water (Cox
2010, Perkins 2010). It is now believed that malaria either originated as the parasites of 
insects who evolved to use vertebrates as host, or that haemosporidians derived from 
coccidia (intercellular parasites) in the intestinal tracks of arthropods (Perkins 2010). 
Before DNA sequencing technology was used, haemosporidian species were
described and named mainly by microscopic morphology. Gametocytes were examined 
during the blood infection stage in the hosts’ blood cells, via blood smears, in order to 
determine their classification (Valkiunas 2005). Since DNA sequencing and polymerase
chain reaction (PCR) detection began, the cytochrome b gene in the mitochondrial 
genome has been the primary source for determining genera and species (Ricklefs et al.
2014). PCR methods allow for the detection of very low levels of infection and are able 
to detect and amplify haemosporidian DNA at any stage in the parasite’s life cycle (Clark 
et al. 2014). This relatively new approach of detecting the presence of haemosporidians 
in vertebrates has led to a huge increase in research and funding and has shed light on the
diversification and complicated evolutionary history of these parasites (Clark et al. 2014). 
The cyt b gene in the mitochondrial genome of haemosporidians is commonly used since
this gene has been found to be evolutionarily conserved and is vital to the























The environment has an important impact on diversification of haemosporidians
(Clark et al. 2014).  “Hotspots” that have a high diversity of haemosporidian species have
been identified to be larger landmasses versus areas of lower diversity, or “non-hotspots,” 
in smaller and more isolated areas. Areas with higher temperature and rainfall have
higher levels of species diversity because of the increased success of vectors (Clark et al. 
2014). In small niches, where vectors and their vertebrate hosts live in close proximity, 
the opportunity of host switching increases (Clark et al. 2014). 
The cutoff for sequence divergence between differing species of haemosporidians 
has been debated since the technology was first used in this system. Perkins (2000) said a 
cutoff of 3 percent sequence difference of the cytochrome b gene was sufficient for 
inclusion in the same species. However, this was not accepted by others because of the
slow evolution of the mitochondrial genome of malaria parasites. Some known species, 
specifically Plasmodium falciparum, differ by as little as two nucleotides between 
haplotypes. Others have suggested a 0.6% genetic difference between species in cyt b
gene (Ricklefs et al. 2004). What constitutes a new species is still a concern for the 
haemosporidian research community (Outlaw & Ricklefs 2014). 
Besides using genetic differences to determine species, host distribution is also 
used. It has been suggested that parasites that infect different hosts in the same population 
could represent independent parasite populations that are reproductively isolated because
of the different hosts they inhabit (Ricklefs et al. 2004). Alternatively, it has been 
suggested that parasite speciation may be the result of geographic isolation or possibly














    
 
 
    
 
 
   
Species formation of new haemosporidian parasites is thought to occur 
predominantly by host switching. The means by which host switching occurs, however, is 
under debate as to whether it is by sympatric (without geographic separation) or
allopatric (geographic separation) Understanding the geographic distributions of 
haemosporidians is the first step in understanding their evolutionary history and current 
diversity (Clark et al. 2014). Haemosporidians must become isolated either by the 
vertebrate host’s isolation or the vector’s isolation or by a new colonization (Perez- Tris 
et al. 2007). 
Host switching
Host switching is extremely common in haemosporidian parasites and has been a
strong force in their evolution and diversification (Davies et al. 2008, Ricklefs et al. 2014, 
Outlaw et al. 2015).  Host switching can be easily assumed when closely related malaria
parasites are seen in distantly related host species (Galen and Witt 2014).  Studies have
shown that neighboring host communities are more likely to share haemosporidian 
species (Davies and Pedersen 2008). Additionally, hosts that have a larger range are more
likely to share haemosporidian species than hosts with a smaller range (Davies and 
Pedersen 2008). Bats have been shown to be a major driver in malaria diversification, 
with host switches to or from bats leading to new colonization events (Galen et al. 2017).  
The colonization of new areas and new hosts can potentially be very dangerous for 
ecosystems and needs to be monitored closely. For example, the warming climate has 
allowed for haemosporidians to spread to areas of Alaska; with many bird species being























Since evidence is mounting for host switching to be the predominate process by
which haemosporidians have evolved, it is not unexpected that they have a very diverse
and complicated history (Santiago-Alarcon et al. 2014). It was discovered that 
Plasmodium vivax, one of the deadliest human malaria parasites, originated in Macaque
monkeys and then infected humans by means of host switching (Mu et al. 2005).
Plasmodium falciparum, a haemosporidian that was thought previously to only infect 
humans, has now been found in gorillas and chimpanzees in Cameroon. P. falciparum
was found to have arisen in apes by a host switch from humans (Duval et al. 2010). 
Schear et al. (2013) has found evidence of multiple host switching events between 
African bats and rodents and Galen and Witt (2014) found that host switching is the
predominate means of diversification in South American house wren. There has also been 
a new species of haemosporidian discovered in raptors (Outlaw & Ricklefs 2009) and 
likely a new haemosporidian genus in cranes and vultures (Bertram et al. 2017, Galen et 
al. 2017).  
Evidence of host switching is clear in many cases when reconstructing the 
phylogeny because each host clade usually appears in multiple locations (Ricklefs et al.
2004, Galen et al. 2017). It has also been discovered that host switching occurs between 
closely related parasite species (Santiago- Alarcon et al. 2014). One hypothesis for how 
this might occur is through the acquisition of a new host (Ricklefs et al. 2004).  A 
mutation in the parasite’s genome that allows it to go undetected by the hosts’ immune
system could allow the parasite to thrive in a new host and could lead to a new 
haemosporidian species, or at least a novel host. It is also possible that some new species 














to switch hosts and geography work together to form a new species of haemosporidian 
(Santiago-Alarcon et al. 2014). 
Understanding which genes might be associated with host switching is vital since
these types of host-switches could potentially affect humans and livestock. A likely key
component of host switching, evolutionary diversification, and species formation, is 
selection on haemosporidian parasites by the vertebrate hosts’ immune system and 
defenses. Haemosporidians have evolved ways to avoid the host immune system by
evolving with their hosts (Ricklefts et al. 2014). The parasites are constantly evolving to 
try and evade the hosts’ immune system and in response the host is constantly changing
and evolving its defenses to fight off the infection. This arms race leads to mutations 
being generated at a high rate and eventually becoming fixed in the population by
selection; this means that the genes that “allow” these parasites to infect their host are














ADAPTIVE MOLECULAR EVOLUTION IN HAEMOSPORIDIAN PARASITES
Introduction to hemoglobin degradation
Hemoglobin degradation is an extremely important metabolic process that occurs 
in the acidic food vacuole of haemosporidian parasites (Figure 2.1). This process is 
responsible for the intraerythrocytic development that must occur during the 
haemosporidian lifecycle before the parasites mature and rupture from the red blood cells 
to continue the infection (Goldberg et al. 1990). The parasites, in a form known as 
trophozoites at this stage, degrade hemoglobin by using aspartic (plasmepsins) and 
cysteine (falcipain) protease enzymes, in order to synthesize amino acids from the hosts 
hemoglobin that are vital for the parasites’ survival (Moore et al. 2006, Benerjee et al.
2002). This process begins with plasmepsin1, plasmepsin2, falcipain2 and falcipain3 
cleaving the alpha chain of the host’s hemoglobin. This allows for the globin to be 
released from the hemoglobin complex. The degradation of the globin then continues 
with plasmepsin4, plasmepsin3 (AKA histo-aspartic protease), falcipain2, falcipain2B, 
and falcipain3 cleaving the peptides into lengths of around 20 amino acids each. These
amino acids are then degraded further, around 5-8 amino acids in length, by falcilysin. At
the final step, dipeptidyl aminopeptidase 1 enzymes degrade the amino acids 














   
(Caspi et al. 2014). After the digestion has occurred the resulting non-digestible pigment, 
hemozoin, is left to conjugate in the food vacuole (Valkiunas 2005). 
Figure 2.1 Hemoglobin degradation process in haemosporidians 
Materials and Methods
Hemoglobin Degradation and Other Genes
For this study, four important hemoglobin degradation genes were analyzed for
patterns of selection: plasmepsin II, an aspartic proteinase, falcilysin, a zinc 
metallopeptidase, aminopeptidase, and cytochrome b 5. Plasmepsin II is one of five 
plasmepsins that are involved in hemoglobin degradation. Plasmepsin initiates the
hemoglobin degradation process by cleaving the native hemoglobin molecule. When 
expressed, plasmepsin is delivered to the surface of the parasite’s plasma membrane in a 




   
  








   
   





digestive vacuole to cleave the highly conserved hinge region (Liu 2017, Banerjee et al.
2002). Falcilysin plays an important role in the downstream degradation of the host’s
hemoglobin. Falcilysin is unable to cleave large alpha and beta chains of hemoglobin, 
however, it is able to cleave hemoglobin fragments (peptides) that have previously been 
cleaved in the upstream hemoglobin degradation process (Eggleson et al. 1999). It has 
also been found to play an important role in peptide cleavage. Aminopeptidase has been 
shown to cleave and release dipeptides from the N termini of larger oligopeptides that 
have been produced though the action of the aspartic, cysteine and metallopeptidase
molecules (Klemba et al. 2004). There have been two forms of cytochromes found within 
eukaryotic cells; a water-soluble form and a membrane bound form. The membrane
bound cytochromes are responsible for the transfer of electrons in the election transport 
chain in the mitochondrial membrane of haemosporidians. The water-soluble form has 
been found to reduce hemoglobin in erythrocytes and has the capability to bind to heme. 
Heme is toxic to haemosporidians and must be converted to a non-toxic form known as 
hemozoin. It is possible that cytochrome b 5 could be involved in this process. To our 
knowledge, cytochrome b 5 has not been investigated in haemosporidians (Sergeev et al.
2014, Yamazaki et al. 2001, Bhatt et al. 2017). 
Four non-hemoglobin degradation genes that are suggested to be important in the
haemosporidian lifecycle were also analyzed in this study: sepiapterin reductase enzyme 
(spr), apical membrane antigen 1 (ama1), eukaryotic initiation factor 2 (eif 2), and 5-
methoxycarbonylmethyl (mcm5). Spr is involved in the last three steps of the production 
of tetrahydrobiopterin (BH4). BH4 has been shown to help process the building blocks of
























(Hirohito et al. 2015). Ama1 forms part of the complex that is responsible for
haemosporidian erythrocyte invasion (Lin et al. 2014). Eukaryotic initiation factors are
responsible for the assembly of ribosomes on the mRNA strand that will initiate 
translation. Eif2 is necessary for this complex to form (Fennell et al. 2009). Mcm5 is a
methyl side chain of uridines that is located in the wobble position in tRNAs. This side 
chain has been shown to improve the reading of G-ending codons (Marcus et al. 2008). 
All of the above listed genes were analyzed for patterns of selection. 
Gene Alignment 
The all of the gene transcripts were received from a malaria bioinformatician, Dr. 
Martine Zilversmit, at the American Museum of Natural History in New York from Dr. 
Susan Perkins lab. Four gene transcripts that are involved in the hemoglobin degradation 
pathway were received, in Nexus format, with a range of representative Plasmodium
species for each. Four other non-hemoglobin genes were also used in the analyses. They
included representatives from the genera Plasmodium, Leucocytozoon, Haemoproteus, 
Parahaemoproteus, Nycteria, and Polychromopholus. The four hemoglobin degradation 
gene transcripts received contained the following taxa: aminopeptidase (7 mammalian, 2 
of which are human), cytochrome b 5 (4 mammalian, two of which are human, 2 
reptilian, 2 avian), falcilysin (9 mammalian, four of which are human), and plasmepsin (7 
mammalian, two of which are human). Four other significant genes were also used in this 
study containing following taxa: spr, (11 mammalian, 3 of which are human, 5 reptilian, 
3 avian, and 1 unknown), ama1 (9 reptilian, 8 mammalian, 2 of which are human, 4 






    
  










   
  
  
and 1 unknown), mcm ( 7 mammalian, 2 of which are human, 3 reptilian, 3 avian, and 1 
unknown). 
Alignments of the species gene transcripts were created using Mesquite Character 
Matrix Editor v.3.31 for each gene (Maddison & Maddison 2011). The alignments were
exported in FASTA (DNA/RNA) format. The alignment sequences were then imported 
into Sequencher v.5.4.6 for editing (Sequencher® version 5.4.6). Each of the gene
sequences were evaluated individually for gaps and stop codons before being exported. 
Any sequences with stop codons, as indicated by the protein sequence, were discarded
because downstream analysis would not accept stop codons or gaps in the alignments. 
Originally there were 26, 16, 25, and 28 species transcripts for aminopeptidase, cyt. b 5, 
falcilysin, and plasmepsin respectively. After the transcripts were discarded for having
stop codons, not having enough base pairs, or not having enough alignment overlap there
were 7, 8, 9, and 7 transcripts for inclusion respectively. For the control genes spr, ama1, 
eif, and mcm2, the final alignments contained 21, 22, 24, and 15 species respectively. 
The remaining alignments were assembled automatically with a minimum match 
percentage of 60 and a minimum overlap of 30. The alignments were cut off evenly at 
multiples of three to be certain full codons were included that started with the first codon 
position. Gaps in the alignments were evaluated by eye and deletions or insertions were
evaluated where necessary to ensure that no gaps were included in the final alignment.
The aligned, edited sequences were then exported in FASTA format for downstream 












   
  








The program, Mesquite (v.3.31), was used to produce a species trees for each of 
the eight genes. The aligned sequences were imported in FASTA(DNA/RNA) format into 
Mesquite. A character matrix was then produced, and from this a phylogenetic tree was 
created. The trees were then manipulated to resemble the phylogenetic relationships as 
seen in Susan Perkins newest haemosporidian species tree (Galen et al. 2018). The tree
was then extracted to use for the program phylogenetic analysis by maximum likelihood 
(pamlX v.1.3.1). Branch labels were included to separate clades.
Branch Model Analysis
We used the program Phylogenetic Analysis by Maximum Likelihood (pamlX 
v1.3.1, Yang 2007) to determine the best estimate of selection within each tree (i.e., 
branch model on each gene with a fixed topology). PamlX (Yang 2007) was used for a
branch-model analyses on each annotated phylogenetic species tree. A branch model 
allows for the codon substitution rate to vary on each branch of the phylogenetic tree, 
which determines which branches (lineages in a phylogeny) are potentially under 
selection (Yang 2007). Different models were used to test assumptions. Model 0 allows 
for a single nonsynonymous (dN) and synonymous (dS) substitution rate (dN/dS ratio) on 
all sites in the alignment, assuming that selection is even across sites, and assumes neutral 
evolution.  Model 1 analysis allows for the dN/dS ratio to vary across all the branches in 
the species phylogenetic trees. This model is a “free-ratios” model; meaning an 
independent dN/dS ratio is assumed and calculated for each branch. Model 2 allows for 
several dN/dS ratios on groups of branches (clades).  M2 allows for dN/dS to be estimated 










     






   
 
 
2010, Yang 2007, Yang 1997). M2 analysis was conducted on all eight genes after 
significance was determined by a likelihood ratio test as shown below. 
Fixed Effects Likelihood Analysis
The program HyPhy was used to detect signatures of selection occurring at 
different sites (i.e., codons) on each gene alignment (Kosakovsky 2005). Fixed effects 
likelihood (FEL) uses maximum likelihood to determine nonsynonymous (dN) and 
synonymous (dS) substitution rates for each codon on a given coding alignment and 
phylogenetic tree. After determining substitution rates, a likelihood ratio test with one
degree of freedom and a two-parameter rate test (MG94 X REV), is implemented to 
determine if dN is significantly greater than dS, suggesting positive selection, or, if dS is
significantly greater than dN, suggesting negative or purifying selection. 
Final Tree
Phylogenetic trees were visualized using Fig Tree v 1.4.3 from the paml branch 
model 1 results (Rambaut 2007). The branch lengths, as shown on the phylogenetic trees, 
are visually proportional to the number of codon substitutions on each internal and 
external branch. 
Likelihood ratio tests
For each paml analysis above a pairwise likelihood ratio test (Outlaw et al. 2014) 
was conducted to determine which, if any, models were a significantly better fit to the
data than M0. The likelihood ratio is calculated by: [LR= −2×(lnL1−lnL2)], where lnL1 
and lnL2 are the log likelihood values of the models being compared (Outlaw et al.















   
 
 





for each gene. To determine significance, the smallest likelihood ratio calculated from the
comparisons was determined to be the best fit model for the data. 
GC Content
The GC content was determined for each of the species sequences in each gene
alignment. An average GC content was then calculated for each of the eight genes. The
percentage of GCs was determined in Python v. 3.6 (Rossum 1995). A statistical analysis
via t test with alpha 0.05 was then conducted to determine if any of the GC content values 
were significant. Statistical analyses were conducted between the two groups 




paml and HyPhy Results
The results from branch model M0 suggest an overall
nonsynonymous/synonymous mutation rate (ω) rate of 0.04 for the plasmepsin gene. The
branch model analysis M1 indicates that the branches in the phylogeny have differing ω 
rates. The likelihood ratio test between M0 and M1 show that M1 is a better fit for the 
data than M0. M1 also has a higher likelihood than M2, suggesting that the branches are
evolving independently depending on the parasite. The results produced from HyPhy
fixed effects likelihood analysis shows the alignment has 330 sites with 109 shown to be







    
 
     
 








The phylogenetic tree created by branch model M1 for plasmepsin is shown in 
Figure 2.2. The branch lengths of all the phylogenetic trees are directly proportional to 
the substitutions per codon. The majority of substitutions occur on the terminal branch 
leading to the mammalian haemosporidian species Plasmodium fragile, and the human 
malaria haemosporidians in the phylogeny, Plasmodium vivax and Plasmodium knowlesi. 
The substitution rates are much smaller for the other three mammalian parasites in the
phylogeny Plasmodium coatneiy, Plasmodium inui, and Plasmodium cynomolgy. Overall
the branches in plasmepsin phylogeny show more elevated ω rates on the branches 
leading to the human Plasmodium spp. than any other. 
Falcilysin
paml and HyPhy Results
The results for the null hypothesis, branch model 0, suggest an overall ω rate of
0.03. M1 indicated that all branches in the phylogeny have differing substitution rates on 
each of the branches, except for P. vivax sp.1 and sp.2. Likelihood ratio tests conducted 
comparing each of the models show that model 1 was the best fit for this data. This 
suggests that substitutions on the terminal branches of this phylogeny are very
informative. Positive selection was observed at one site from the fixed effects likelihood 
analysis. In total 319 sites were observed with 120 sites being under negative selection 




















The phylogenetic tree created by branch model 1 for falcilysin is shown in Figure
2.3. Two human malaria Plasmodium species, P. malariae and P. ovale, show high levels 
of substitutions compared to the other human and mammal Plasmodium species in the
phylogenetic tree. Because of the elevated substation rate and long branch lengths we can 
assume a higher substitution rate for nonsynonymous versus synonymous codons on a
terminal branch of a human malaria parasite within falcilysin.
Aminopeptidase
paml and HyPhy Results
The results from paml branch model M0 suggest an overall ω rate of 0.17. For 
branch model analysis M1 all the branches in the phylogeny have differing ω values, 
except for P. vivax sp.1, and P. vivax sp. 2. The likelihood ratio test between M0 and M1 
for aminopeptidase indicate that M1 is a significantly better fit model for the data 
observed, suggesting that “free ratios” is more informative than only having one ratio on 
all branches. Similarly, the likelihood ratio test between M2 and M1 show that M1 is a
better fit model for the data; suggesting that the “free ratio” model that allows for 
independent ratios on all branches, instead of groups of branches, provides more
information on patterns of selection within the tree. The fixed effect likelihood ratio 
results conducted with HyPhy show 211 sites in the alignment, with 64 of those sites 















   
 
Gene Trees
The phylogenetic relationship in the gene tree of the aminopeptidase gene, as 
suggested by branch M1 is shown in Figure 2.4. For the aminopeptidase tree the most
elevated rates of substitutions are on the branch leading to the two species of P. vivax. All 
of the other major substitutions seem to be concentrated over the other four lineages: 
P.inui, P. knowlesi, P. fragile, and P. coatneyi . The branch with the smallest substitution 
rate in the phylogeny is the terminal branch leading to P.cynomolgi; suggesting that this 
branch has the least amount of nonsynonymous mutations. 
Cytochrome b 5
paml and HyPhy Results
The M0 branch model results for the cytochrome b 5 gene indicate an overall ω 
rate of 0.04. The M1 results indicate that all branches in the phylogeny have differing ω 
rates. The likelihood ratio tests conducted between M0 and M1 suggest that M1 is a
better fit model for the data. Similarly, M1 was found to be a better fit model than M2. 
The results from the fixed effect likelihood ratio analysis show 98 sites in the alignment 
with 39 sites found to be under negative selection. 
Gene Trees
The phylogenetic analysis predicted by branch model M1 on the cyt. b 5 gene is 
shown in Figure 2.5. The terminal branch leading to P. vinckie shows the most 
substitution per codon, while the branches leading to the avian and reptilian species 




















mammalian haemosporidians show an extremely high ω rate overall within the cyt. b 5 
phylogeny. 
Sepiapterin Reductase Enzyme
paml and HyPhy Results
The paml branch model 0 results show an overall ω rate of 0.0035 for sepiapterin 
reductase enzyme. Branch model 1 shows that all branches in the phylogeny have
different branch lengths, and therefore different substitution rates. However, most 
branches have similar lengths. The likelihood ratio tests show that branch model 1 is the 
best fit model for this gene alignment. The fixed effects likelihood results show the 
alignment has 235 codon sites with 193 of those sites showing signatures of negative
selection. 
Gene Tree
Figure 2.6 depicts the phylogenic relationship predicted by the paml branch model 
1 results. The results suggest no extreme substitution rates between the species in the
phylogeny. Most substitutions can be seen across all classes of parasite hosts 
(mammalian, reptilian, and avian) with the lowest of those, however, being the reptilian 
haemosporidians. 
Apical Membrane Antigen 1
paml and HyPhy Results
The results from branch model 0 shows a substitution rate of 0.0023 across the 
gene alignment for the apical membrane antigen (ama). Likelihood ratio tests conducted 






















the data. The fixed effect likelihood results of HyPhy show that the gene alignment has 
244 codon sites with 194 of those sites under negative selection.
Gene Tree
Figure 2.7 shows the branch model 1 phylogenetic relationship of ama1. The
majority of branch lengths are similar. However, the avian haemosporidians, 
Parahaemoproteus is shown to have the longest branch length and therefore the highest 
ω rate across the phylogeny. The least amount of substitutions seems to be dispersed 
across the reptilian haemosporidians.  
Eukaryotic Initiation Factor 2
paml and HyPhy Results
There is a 0.0088 ω rate across the phylogeny, as shown by branch model 0. 
Many of the branches in the phylogeny share very similar branch lengths, however, the
likelihood ratio tests have determined that model 1 is the best fit model for the alignment 
and corresponding phylogeny. The fixed effects likelihood test shows that there are 287 
codon sites in the alignment. Out of those sites, 213 of those are shown to be under 
negative selection. 
Gene Tree
The paml results for branch model 1 are shown in Figure 2.8. Many of the
branches share very similar, small branch lengths, indicating very few substitutions on 
the majority of branches in this phylogeny. There is, however, significantly higher 
substitution rates on the avian haemosporidian branches of Haemoproteus and 






















branches leading to human Plasmodium haemosporidians. The reptilian haemosporidian
branches show the lowest rate of substitutions. 
5-methoxycarbonylmethyl
paml and HyPhy Results
5-methoxycarbonylmethyl has an overall substitution rate of 0.0088 across the 
alignment. Model 1 was shown to be the best fit for the data when comparing all paml
models. The fixed effects likelihood results show that the alignment has 246 sites and 210 
of those sites have been found to be under negative selection. 
Gene Tree
Figure 2.9 shows the phylogenetic relationship of mcm as predicted by branch 
model 1. The majority of the ω rates are shown on the terminal branches of the avian 
Haemoproteus species in the phylogeny. The mammalian, including human, branches 
show the second highest rates of substitutions, while the reptilian shows the smallest.  
GC Content and Significance Test
The amount of Gs and Cs were determined for each of the eight genes in this 
study. The GC content for the hemoglobin degradation genes plasmepsin, falcilysin, 
aminopeptidase, and cytochrome b 5 were 38%, 38%, 32%, 23% respectively, averaging
32.75%. The GC content for the non-hemoglobin degradation genes, spr, ama1, eif2, and 
5-mcm were 31%, 31%, 32%, and 32% respectively, averaging 32.5%. 
A statistical analysis using a t test was then conducted to determine if any of the
GC content were significantly different from the others. With an alpha of 0.05, the P 



























degradation gene group to the sequences in the non-hemoglobin degradation gene group; 
indicating no significance. No significance was also found between the sequences in the
non-hemoglobin degradation gene group. However, when comparing genes within the 
hemoglobin degradation gene group, there was a significance. A P value of 9.02 X 10 -6 
was calculated when comparing plasmepsin and falcilysin sequences to aminopeptidase





    
 
 
   
 
Figure 2.2 Plasmepsin II phylogeny with a ω of 0.04





   
 
     
Figure 2.4 Aminopeptidase phylogeny with a ω of 0.17





    
 
   
Figure 2.6 Sepiapterin Reductase Enzyme phylogeny with a ω of 0.004





     
 
   
Figure 2.8 Eukaryotic Initiation Factor 2 with a ω of 0.0088













    





     
Discussion
Hemoglobin Degradation and Non-Hemoglobin Degradation Genes
There is a clear difference in the degree of evolutionary constraint when 
comparing the genes involved in the hemoglobin degradation metabolic pathway versus 
other genes. This is not surprising given the different roles these genes play in the
haemosporidian lifecycle. Negative, or purifying, selection was seen on average 35% of 
the time for hemoglobin degradation genes while negative selection was seen on average
80% of the time for the other genes. Viewed another way, according to model 0, a 
nonsynonymous/synonymous rate was seen on average 0.07% of the time for the
hemoglobin degradation genes; while a rate of 0.006% was seen for the non-hemoglobin 
degradation genes.  This 10.6-fold difference between the groups of genes indicates that 
hemoglobin digestion genes may be under much lower functional constraint than the 
other genes in the study. Amino acid substitution rate ratios are denoted by ω < 1 
or ω > 1, indicating negative and positive selection. Therefore, the low average model 0
ω rates of the non-hemoglobin degradation genes shows further evidence of the strength 
of negative selection they are under. We would argue that negative selection is seen at 
such a lower rate for the non-hemoglobin degradation genes versus the hemoglobin 
degradation genes because of the extremely important, yet potentially highly variable role
the hemoglobin degradation genes play in the reproduction of haemosporidians, the 
genera of which show great variation in their life-histories and the role of hemoglobin 
digestion therein. 
Negative selection was seen in 30% of the alignment for the aminopeptidase gene




      
 






    
  








of the falcilysin gene with a ω of 0.03, and 33% of the plasmepsin gene with a ω of 0.04.
A signature of positive selection was also seen on 0.003% (1 site) of the falcilysin gene. 
The majority of nonsynonymous amino acid substitutions can be seen on mammal 
Plasmodium species for all of the hemoglobin degradation genes. For the aminopeptidase
and falcilysin genes the highest substitution rates are not only mammal Plasmodium 
species, but two Plasmodium species that primarily infect humans. The highest 
substitution rates for the cytochrome b5 and plasmepsin genes are primarily focused on 
mammal Plasmodium species. 
A vast difference was seen in the non-degradation genes.  Negative selection was 
seen on 82% of the sepiapterin reductase enzyme with a ω of 0.004, 80% of the apical 
membrane antigen with a ω of 0.002, 74% of the eukaryotic initiation factor with a ω of 
0.0088 and 85% of 5-methoxycarbonylmethyl with a ω of 0.0088.
Although there is a large difference in the number of sites under negative
selection and the strength of negative selection between the hemoglobin degradation 
genes and the non-degradation genes, negative selection is seen in all the genes included 
in the study. This is likely due to all of the genes having important functions that have
been conserved over the evolutionary history of these organisms.  
Plasmepsin II shows elevated dN/dS between two clades although we have only
mammalian representatives in this gene tree. Plasmepsin plays a direct role in 
hemoglobin degradation- initiating degradation by cleaving the native hemoglobin 
molecule. Perhaps, the variation between the two clades is due to differences in virulence
between human and mammalian haemosporidian species. The two human malaria





















fragile which has been shown to be extremely similar to the human malaria parasite P. 
falciparum. 
For the falcilysin phylogeny the longest branches are seen leading to two terminal 
human malaria species P. malariae, and P. ovale. Although there are other human and 
nonhuman mammalian malaria species in the phylogeny, they are much shorter. 
Falcilysin is unable to cleave polypeptides of hemoglobin, but it is able to cleave smaller 
(7-15 amino acids) fragments that have been cleaved by other proteases. Falcilysin plays 
an important role in the production of peptides that are small enough to cross the
membrane of the food vacuole and into the cytosol for amino acid production and usage
(Eggleson et al. 1999, Ponpuak et al. 2007). Falcilysin has also been found in the
apicoplast of Plasmodium species. Researchers suggested that falcilysin may participate
in transit of peptides to the apicoplast (Ponpuak et al. 2007). We detected positive
selection on falcilysin when using Fixed Effects Likelihood analysis in HyPhy. Falcilysin 
is extremely important for the amino acid production that is necessary for the survival of 
the haemosporidian. Since the discovery of this gene, researchers have been unable to 
disrupt the gene’s function (Ponpuak et al. 2007); therefore, it is also suggested to be
important for asexual growth within the host (Ponpuak et al. 2007).  Our data supports 
this evidence with high levels of substitutions on two human malaria parasites P. ovale, 
and P. malariae; suggesting these sites have been very polymorphic throughout 
evolutionary history. The link to asexual growth sustainability could lead this gene to 
undergo positive selection that could result in an increase in fitness. 
The longest branch, and the highest rate of substitutions, in the aminopeptidase



















   
species P. fragile. Although we only have mammalian haemosporidians represented in 
this phylogeny because of the difficulty in obtaining and aligning suitable transcript data, 
this is a surprising trend. Aminopeptidase also shows many of the same phylogenetic and 
branch length similarities as plasmepsin II, with P. fragile showing elevated dN/dS with 
the other human malaria parasites. Aminopeptidase actively occurs at the last stage of 
hemoglobin degradation, which is also the time when the most degradation actively
occurs and when hemoglobin is being used as a source of nutrition. Aminopeptidase has 
been detected in all stages of the erythrocytic invasion and has been found in the cytosol, 
suggesting degradation outside of the food vacuole (Gavigan et al. 2001). 
Aminopeptidase is essential for parasitic growth and survival (Gavigan et al. 2001). We
can hypothesize that because of aminopeptidase’s extremely important role at the most
critical time of hemoglobin degradation it will show the least amount of evolutionary
conservation across the other hemoglobin degradation genes, possibly due to the 
variability across life histories and virulence across theses taxa. Our data are consistent 
with this observation with only 30% of the aminopeptidase gene under negative selection 
and a ω rate of 0.17; respectively, the highest rate of dN/dS across all of the genes in this 
study.
The longest branch in the cyt b 5 gene tree is between the mammal and bird/lizard 
parasite clades. Cytochrome b 5 is a heme protein that can act as an election donor in 
many reactions such as the reduction of methemoglobin, and fatty acid synthesis. Cyt b 5 
is a membrane bound protein, except in erythrocytes where it is found in a water-soluble 
form. The soluble form is responsible for reducing hemoglobin to methemoglobin when 





















heme state to the ferrous state. Heme is released approximately 10 times greater in 
methemoglobin complex than for hemoglobin. Therefore, in order to optimize the heme
degradation, the presence of methemoglobin is preferred (Yamada and Sherman 1979, 
Yan et al. 2018). The higher rate of substitutions, and therefore variability, on the 
mammalian clades in this phylogeny could be directly related to increased virulence of 
the parasite infection, as methemoglobin has been seen to disrupt the erythrocytic
membrane leading to increased rates of cellular lysing which in turn increases the rate of 
infection (Balaji and Trivedi 2012).The avian and reptilian clades show lower rates of 
substitutions and could suggest a higher evolutionary conservation rate of these species, 
possibly because these hosts have nucleated erythrocytes and may have other sources of 
nutrients for the haemosporidians.
Negative selection was seen at a rate of 80% across the non-degradation gene
group in this study. This is vastly different from the 35% seen overall in the hemoglobin 
degradation genes. Even though representatives from all the possible hosts of 
haemosporidians (mammal, birds, and reptiles) are included in the phylogeny of the non-
degradation genes, in all of the species trees the most substitutions are on branches 
leading to avian haemosporidians. 
The sepiatpterin reductase enzyme shows elevated dN/dS ratios on all host clades 
in the phylogeny. Interestingly there is also a separation between the human malaria
parasite clades, with P. reichenowi and P. falciparum in a clade to themselves. Spr is 
involved in the last three steps of the production of tetrahydrobiopterin (BH4). BH4 has 
been found to help process the building blocks of amino acids and is also a cofactor for 



















host cells have also been linked to immune responses, with low levels producing a low 
level of nitric oxide synthesis, initiating an immune response to the infection, and high 
levels capable of destroying the parasite (Rubach et al. 2015). To our knowledge, no one
has looked at this enzyme in the haemosporidian genome; however, this gene has been 
studied in the hosts genome. From our knowledge of how important BH4 is, we can 
speculate that the parasite is also controlling its production of BH4 in some way. This is 
also evident by the high level of evolutionary conservation across all clades in the 
phylogeny with a low overall ω rate of 0.004.
In the apical membrane antigen 1 (ama1) phylogeny the most substitutions can be
seen leading to the avian clade, Parahaemoproteus. In contrast the second longest 
branches are seen on terminal branches leading to the reptilian Plasmodium clade and the 
mammalian clade. Ama1 plays an integral part in the erythrocytic invasion by forming
part of the moving junction that allows for the erythrocyte to be penetrated. This antigen 
has been a popular candidate for a potential vaccine because of its vital role in the
haemosporidian lifecycle (Lim et al. 2014, Fong et al. 2015). In vitro studies that have
successfully knocked down this gene have effectively killed the parasite; however, ama1 
has been shown to be extremely polymorphic and easily escapes vaccines and antibodies 
(Lauron et al. 2014). We can hypothesize that the differing host responses have led to the 
high rates of negative selection in the apical membrane antigen. Host antibodies block 
ama1 erythrocytic invasion and contribute to immune responses to protect the hosts. 
Thus, to combat the hosts antibodies, ama1 could remain highly polymorphic in one
















   
  




evolutionarily conserved across all other clades, indicated by the low dN/dS rate of 0.0023 
(Lauron et al. 2014). 
Eukaryotic initiation factor 2 (eif2) is needed to form the initiation complex of 
translation, however, it can act as a repressor in times of stress. GTP is hydrolyzed to 
GDP to begin translation which releases the initiation complex and leaves an inactive
form of eif2 (Fennell et al. 2009). In times of stress eif2 does not reactivate the initiation 
complex and therefore suppresses translation (Fennell et al. 2009). This reduction in 
translation allows the cells to respond appropriately to whatever environmental stress 
conditions they may be under (Fennell et al. 2009). This mechanism is usually
moderately conserved (Fennell et al. 2009). In the phylogeny of eif2 in the branches of 
avian haemosporidians Leucocytozoon and Haemoproteus, and the human Plasmodium
clade, there are high rates of substitutions and an overall negative selection rate of 74%
and a dN/dS rate of 0.0088. Hosts respond differently to malarial infections. The fact that 
eif2 is related to stress response can lead us to the conclusion that avian and human 
malaria parasites have a more variable response to stress than the non-human mammal 
and reptilian clades. However, the overall ω of 0.0088 suggests overall conservation.
The 5-methoxycaronylnethyl phylogeny shows slightly elevated substitution rates 
in the terminal branches of all Haemoproteus species and an overall negative selection 
rate of 85%, the highest negative selection rate in this study. All of the clades in the
mcm5 phylogeny show evidence of substitutions, although the avian clade shows the 
highest. 5-methoxycaronylnethyl has been shown to form on the side chain of a uridine in 
the wobble position of a tRNA and is needed in the cleavage from the tRNA (Marcus et 


















a uridine in the wobble position of a tRNA molecule improves the decoding of G-ending
codons (Marcus et al. 2008). Because of the extremely A-T rich genome of
haemosporidians, it is not unlikely that Gs and Cs are sometimes missed in translation. 
The high purifying selection rate of 0.0088 that mcm5 was found to be under can be
attributed to the fact that G-C substitutions can sometimes be missed and could lead to 
the death of the parasite. To combat this an optimal 5- methoxycaronylnethyl side chain 
is formed and utilized to complete translation (Marcus et al. 2008). Since 85% of the
mcm5 alignment was found to be under negative selection and therefore the most highly
conserved gene in this study, we can assume that this is an important modification. To 
our knowledge mcm5 has never before been studied in regard to the parasite’s genome, 
and therefore, more information is needed to determine its significance. 
Adaptive molecular evolution has been detected in all genes throughout this 
study, although the rate of evolution varies drastically. The hemoglobin degradation 
genes are seen to be less conserved overall which could be linked to the important 
function and chain-like response these genes are needed for. Being less conserved could 
potentially lead to an advantage in the parasites ability to degrade the hosts hemoglobin 
by allowing the parasite to adapt quickly to a changing environment. Negative selection 
can be a sign of population expansion, and therefore high rates of negative selection are
not unexpected and could possibly increase as haemosporidians range expands and host
switching continues. In parasites that infect multiple hosts, such as Plasmodium, 
polymorphisms within important genes may contribute to a broadening geographic range





   
   
 
   
    
 




    
  
   
  
 
   
    
  
GC Content
Haemosporidian genomes are extremely AT rich with a much smaller percentage
of the genome having guanine and cytosine residues. The GC content of haemosporidians 
varies from a low rate of around 15% seen in some avian Plasmodium species 
(specifically P. gallinacaem), to the highest GC rate of greater than 37% seen in P. vivax
and P. knowlesi (Chatterjee et al. 2016, Silva et al. 2015).  It has been suggested that the
low rate of GC in the genome is due to the lack of efficient base excision repair (BER). 
The lower rates of GC in some haemosporidian genomes could suggest a loss of BER 
(Silva et al. 2015). By looking at GC content and determining if the genes are becoming
more GC rich, we can possibly detect signatures of positive selection acting on the genes. 
Increased rates of GC will show how evolution is acting on the genes and genome of
haemosporidians. 
The GC content for each of the eight gene alignments in this study was 
determined. The whole transcriptome data was not available for this analysis. For the
hemoglobin degradation genes, the average GC content was found to be 32.75%, while 
the non-hemoglobin degradation genes were seen to have a GC content of 32.5%. 
Statistical analyses were conducted using a t-test. These tests showed that there was no 
significance between the two groups, suggesting that there is no difference in the nucleic
acid residue usage. However, when looking within the hemoglobin degradation gene
group significance was seen. It was determined that plasmepsin and falcilysin have 
significantly more GC than aminopeptidase and cytochrome b 5. This is probably seen 
because P. vivax and P. kowlesi are seen in both of the plasmepsin and falcilysin gene




    
 
 
    
 















gallinacaem is seen only in the cytochrome b 5 gene, driving down the average GC 
content. It is interesting to note that the aminopeptidase gene alignment includes the same 
species as plasmepsin, however the GC content is 6% larger in the plasmepsin gene. The 
higher rates of GC in the plasmepsin and falcilysin gene alignment could indicate 
elevated levels of adaptive molecular evolution, as these genes seem to be gaining genetic
diversity over their evolutionary history. 
The non-hemoglobin degradation genes’ GC content is seen at a much more
consistent rate. The rates were very restrained throughout, with very little variance. More
genera are included in the non-hemoglobin degradation gene alignments; however, their 
consistent GC rates indicate conservation of nucleic acid usage across all genera in each 
gene. This information also supports our earlier finding of elevated rates of negative
selection and evolutionary constraint acting on these genes. 
Conclusion
Because of our knowledge of how quickly haemosporidians are evolving and their
continued success in new areas and new hosts, genetic research regarding gene evolution 
needs to continue to be done. Varying rates of signatures of selection were seen on all
genes in this study and a vast conservation difference was also detected between the gene
groups. These findings could potentially help to unlock more crucial information about 























DIVERSITY OF MALARIA PARASITES IN LOCAL PASSERINES
Avian malaria
Avian malaria has been linked to the huge decline of bird populations in some 
areas; even leading some to near extinction (Nieburh and Blasco-Costa 2016). Over the
evolutionary history of malaria (haemosporidian) parasites, they have spread to over
10,000 avian species with new haemosporidians being discovered frequently (Daszak et 
al. 2000, Ricklefs et al. 2014).  Climate change has created an opportunity for these
parasites to expand to parts of the world they have never been before. Monitoring avian 
malaria is one of the first lines of defense of potentially mitigating novel lineages from 
spreading. Studies have shown how invasive certain species of haemosporidians can be, 
and how detrimental these parasites are to bird populations (Marzal et al. 2015). The
International Union for Conservation of Nature has listed avian malaria P. relictum in the
top 100 worst invasive species in the world.
In order to combat malaria and develop defense/management strategies, the
distribution of avian malaria must be a top concern for biodiversity conservation efforts 
(Marzal et al. 2015). Avian malaria distribution can vary drastically in different regions, 
with bird migration increasing the possibility of parasite transmission and potential host























Flyway plus the numerous permanent residents, the potential for parasite transmission is 
very relevant in our area (Mississippi Chapter, National Audubon Society).
A survey of the haemosporidians in local bird populations was conducted for this 
project. Mist nets were used to capture local passerines and blood was taken from the
brachial vein for analysis. From previous studies we know there is a large number of
local birds infected with haemosporidians (Walstrom and Outlaw 2017, Fast and Outlaw 
2016). This survey has allowed us to expand our knowledge of infection in a wide range
of local passerines. 
The avian samples were screened for parasites.  DNA from blood samples was 
extracted using the DNeasy Blood protocol (QIAGEN). A polymerase chain reaction 
(PCR) was utilized to amplify the cytochrome b gene in the mitochondrial genome of the
parasites for any blood samples that tested positive. A nested PCR was then preformed 
and positive samples, identified by gel electrophoresis, were sent to Arizona State
University for Sanger sequencing. We then aligned and trimmed the forward and reverse
sequences by using Sequencher 5.4.6 and then used NCBI BLAST to confirm the specific
lineage or identify novel ones of single infections. A phylogenetic tree of our samples 
and sequences found in the MalAvi database (Bensch et al. 2009) was then reconstructed 
using BEAST (Drummond et al. 2007).
Materials and Methods
Field Work
Passerines were captured in Starkville, Mississippi with mist nets from January
2017 until January 2018. The three netting locations are listed in Table 3.1. Eight 



















   
Carolina chickadee, Carolina wren, Brown thrasher, Yellow warbler, and House wren. 68 
birds were sampled in total. The bird species with the corresponding sample number
collected and parasite prevalence per species are listed in tables 3.1 and 3.2. Blood was 
collected via brachial venipuncture, with bevel point hypodermic needles and capillary
tubes, and stored at -20°C in RNAlater. RNAlater was used because the immediate 
freezing of the blood sample was not always possible; therefore, the blood sample had to 
be stored in a buffer that does not allow the quality to diminish and will also inactivate 
any RNase that may degrade the sample. Each of the bird samples were marked by
clipping one tail feather, so that no further sample of any individual bird would be taken 
during the sampling time period. 
Table 3.1 Netting locations 
Netting Location Locality GPS Coordinates
South Farm Research 
Area
Starkville, MS 33.420806, -88.783042
Mississippi State
University
Starkville, MS 33.454135, -88.783455
























DNA Extraction and Parasite Detection
Genomic DNA was extracted from the blood samples using the DNeasy Blood 
and Tissue kit (QIAGEN). The DNeasy protocol, “Purification of Total DNA from 
Animal Blood or Cells”, was used for the nucleated avian blood samples. 
Haemosporidian parasites were then detected from the extracted DNA by amplification 
of the parasite’s mitochondrial cyt. b gene. A nested polymerase chain reaction was then 
conducted that amplified a specific segment of the parasite’s cyt b gene. The initial PCR
used the primers HaemNF1 and HaemNR3 (Hellgren et al. 2004) and amplified 
Plasmodium, Parahaemoproteus, and Haemoproteus species. There was then a nested 
PCR using the Haem PCR as the template. The second set of primers used were UNIVF, 
and UNIVR1 (Drovetski et al. 2014); these primers amplified the above, and 
Leucocytozoon. Initial and nested reactions were performed with the exact same final 
volume and volume of each reagent. The master mix consisted of 2.5 μl Ex Taq Buffer, 
2.0 μl dNTP mixture, 0.5 μl BSA, 0.5 μl of each primer, 0.125 μl Ex Taq, 1.0 μl of the
DNA template, and 17.875 μl of Di water for each reaction. 24 μl of the master mix along
with 1ul of the DNA (for the initial PCR) or 1 μl of the initial reaction (for the nested 
PCR) was used in each sample. The initial reaction was ran in a thermal cycler under the
following conditions: 3 min at 94°C, 35 cycles of 30 sec at 94°C, 30 sec at 55°C, 45 min 
at 72°C, 10 min at 72°C, and a hold at 4°C. Nested reactions were ran in a thermal cycler 
for 3 min at 94°C, 41 cycles at 94°C for 30 sec, 30 sec at 52°C, 45 sec at 72°C, 10 min at 






















   
  
 
The PCRs were then visualized on a 1% agarose gel via electrophoresis. Samples 
that were positive for haemosporidians were identified by a band in the 500bp region. 
Positive and negative controls were included in every PCR, and a DNA molecular weight 
ladder was included in each gel. The positive samples were cleaned using the QIAquick 
PCR Purification kit (QIAGEN), to prepare for sequencing. The cleaned PCR products 
were then sent to Arizona State University DNA lab for sanger sequencing of the forward 
and reverse strands on an Applied Biosystems 3730 capillary sequencer.
Genus Determination
Once the sequences were received a consensus sequence was made. This was 
done by aligning the forward and reverse strands using Sequencher v. 5.4.6. Occasionally
a consensus was not made and either the forward or reverse strand was used for genus 
determination instead. Either the consensus or the sequence was extracted, and the 
parasite lineage was determined. NCBI Basic Local Alignment Service Tool (BLAST) 
was used for this purpose. BLAST will search against databases and determine the best 
lineage match for the sequences. I determined the genus of each sequence when the 
overwhelming majority of matches at the 98% level corresponded to a particular genus. 
Novel lineages were identified as being below a 98% BLAST match. 
Phylogenetic Analyses
Three phylogenies were reconstructed- Plasmodium, Haemoproteus, and 
Leucocytozoon - using the cyt b sequences acquired from this study’s sampling and from 
MalAvi database (Bensch et al. 2009). MalAvi sequences that would provide the most





















the sequences were aligned and checked for gaps or stop codons in Sequencher v. 5. 4. 6. 
Any discovered gaps were removed.  A Bayesian analysis was performed in BEAUTi and 
BEAST using substitution model-GTR, base frequencies-estimated, clock model-
uncorrelated relaxed clock, site heterogeneity model-Gamma + invariant sites, and tree
prior-yule process (v.1.8.4; Drummond et al. 2012). Tree annotation was then done using
Tree Annotator from the tree files produced from BEAST (Drummond et al. 2012). The
final tree was visualized in FigTree v.1.4.3 and a visual log likelihood stabilization was 
determined in Tracer (v.1.6; Rambaut and Drummond 2007). By the tracer results we
were able to determine a burnin of 4,000 out of the 10,000 tree samples for all the 
phylogenies. For inclusion into a clade, a sequence difference of less than 98% was the 




A total of 68 birds were sampled in 3 locations in Starkville, MS. Eight passerine
species were sampled: Northern cardinal (45 sampled, 33 infected), Tufted titmouse (8 
sampled, 1 infected), Carolina chickadee (3 sampled, 2 infected), House finch (6 
sampled, 1 infected), Brown thrasher (2 sampled, 1 infected), House wren (1 sampled, 1 
infected), Yellow warbler (2 sampled, 0 infected), Carolina wren (1 sampled, 0 infected). 
The overall parasite prevalence, as determined by PCR, in all of the samples was shown 
















       
    
    
    
    
    
    
     
     
    
Table 3.2 Parasite prevalence
Number Collected Number Infected Prevalence
Northern cardinal 45 33 73%
Tufted titmouse 8 1 13%
Carolina chickadee 3 2 67%
House finch 6 1 17%
Brown thrasher 2 1 50%
House wren 1 1 100%
Yellow warbler 2 0 0%
Carolina wren 1 0 0%
Total 68 39 57%
Three parasite genera were found: Plasmodium, Haemoproteus, and 
Leucocytozoon. Out of the 68 total birds sampled, 47.10% of the infections were found to 
be caused by genus Plasmodium, 8.80% was found to be caused by Haemoproteus, and 
2.9% was found to be Leucocytozoon (Table 3.3). Three samples did not sequence well
and were excluded from the analysis. 
Table 3.3 Parasite prevalence in regard to haemosporidian genera
Parasite Prevalence
Plasmodium Haemoproteus Leucocytozoon
Northern cardinal 28 5 1
Tufted titmouse 0 0 1
Carolina chickadee 2 0 0
House finch 1 0 0
Brown thrasher 0 1 0
House wren 1 0 0






    
   
 




















For the Plasmodium phylogeny, 32 of the positively identified samples and 175 
MalAvi samples were included for a total of 207 samples (Figure 3.1). A diverse
phylogeny was reconstructed by first developing a phylogeny including all known 
Plasmodium cytochrome b sequences and then choosing representative clades. For 
inclusion into a clade, a sequence difference of less than 98% was the cutoff. Posterior
probabilities are denoted on each branch. The positive Plasmodium species identified in 
this study fall within three clades. Nine samples are included in the Plas1 clade, seven in 
Plas2, fourteen in Plas3, and two sequences (Plas4a/b) were identified as not being
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The Haemoproteus phylogeny consisted of six positive Haemoproteus sequences 
identified in this study and 209 MalAvi sequences, for a total of 215 sequences. A diverse
phylogeny was reconstructed by the above method (See Plasmodium) and posterior
probabilities are denoted on each branch (Figure 3.2). For clade inclusion a 98%
sequences match or better was used. The sequences identified in this study were seen to 
fall within two clades, Haem1 and Haem2. Haem1 contains five of the sequences 
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For the Leucocytozoon phylogeny two samples positively identified in this 
study and 154 MalAvi samples were included for a total of 156 sequences in the 
phylogeny. A diverse phylogeny was reconstructed using the above-mentioned method 
(See Plasmodium; Figure 3.3). For inclusion into a clade a 98% sequence match rate was 
the cutoff. Posterior probability of are denoted on each branch. For this phylogeny, both 
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Three clades were identified to contain the sequences found in this study for the
Plasmodium phylogeny (Plas1, 2, and 3). For the sequences Plas4a/b no known sequence
seemed to be closely related. All of the sequences included in Plas1, Plas2, and Plas3 
have previously been identified in multiple passerine species in North and South 
America. Nine samples identified in this study fall within the clade Plas1 including eight 
Northern cardinals and one Carolina chickadee.  Seven total samples identified in this 
study fall within Plas2, including parasites found in six Northern cardinals and one house
finch. The house finch sequence is most closely related to two Northern cardinals also 
identified, with a posterior probability value of 1. The other Northern cardinal sequences 
are most closely related to each other and various other passerine hosts. Fourteen samples 
found to be positive were included in the Plas3 clade. All of these samples were
discovered in Northern cardinals and are most closely related to each other and other
known species that infect passerines. The majority of their posterior probability values 
are 0.7 or greater. Plas4a/b have been shown to have less than 98% sequence match to 
any known sequence. Both of these sequences were discovered in Northern cardinals. 
Plas4a is phylogenetically most closely related to a woodcreeper haemosporidian found 
in South America. However, the posterior probability value is less than 0.5 and the 
sequence match rate is less than 98%; therefore, this sequence is not included in the
surrounding clade. For Plas4b the most closely related phylogenetic sequence was 
another sequence identified in this study. However, because of the low posterior







     










    
 
   
   
included in the phylogeny. The low match rate of these two sequences could indicate new 
species, however, more research and sampling would need to be conducted to support 
this claim. 
Haemoproteus Phylogeny
Two clades were detected in the Haemoproteus phylogeny that contained the
positive haemosporidian cytochrome b sequences identified in this study. Five of the 
sequences identified in this study were found in Haem1, and one sequence was included 
in Haem2. All the sequences included in Haem1 and 2 have previously been discovered 
in only passerines and have a wide geographic distribution. The most closely related 
sequences in the Haem1 clade have been found in many passerine species, including
Northern cardinals across North America. All of the sequences identified in this study
that are included in Haem1 were discovered in Northern cardinals. The most closely
related sequences to the single positive sequence identified in Haem2 has a posterior
probability value of 1 and has previously been found in thrashers and catbirds in North 
America. The sequence identified in this study was discovered in a Brown thrasher. The
differing closely related passerine hosts in Haem2 compared to Haem1 suggest more
diversity in the Haem2 clade. 
Leucocytozoon Phylogeny
For the Leucocytozoon phylogeny, one clade was found to contain both of the
positive sequences identified in this study, Leuco1. Those parasites were discovered in a
Tufted titmouse and a Northern cardinal. Although the closely related sequences were






















infect passerines. In fact, the most closely related sequences were previously found in the
family Coraciidae, e.g. herons and egrets, and Anatidae, e.g. waterfowl. The single most
closely related sequence to the two sequences identified in this study (the sequence that 
has been previously found in ducks) has a posterior probability value of 1. Leuco1 also 
seems to be a more distantly related clade in the phylogeny as apparent by the clade’s 
phylogenetic location. It is interesting to note that the two positive passerine species 
identified in this study fall within a clade that is more distantly related to most other 
clades in the phylogeny, and also has not been found previously in passerine species. To 
our knowledge Leucocytozoon has not previously been found in Mississippi songbirds. 
The fact that Leucocytozoon has not been seen in this host before and that the most
closely related known species has also not been previously detected in passerines could 
suggest a new species or spillover from non-passerines. More research and sampling
would need to be conducted to support either suggestion. 
Conclusion
Surveys of local haemosporidians are crucial in monitoring efforts. 
Haemosporidians are expanding their geographic range and acquiring new hosts in new 
areas. In order to combat the spread of malaria surveys must be conducted as a first line 
of defense. In this study alone Leucocytozoon was detected for the first time in 
Mississippi songbirds, and two Plasmodium sequences were identified as not being
closely related to any known sequences in any database. This information reinforces our 
knowledge of the unknown diversity in haemosporidians. The continued need for malaria 





             
    
   
       
  
    
      
   
     
      
    
  
   










   
   
  
   
  
REFERENCES
Ashley,S, J. M., Mao, S., Sam, B., Sopha, C., Chuor, C. M., Nguon, C., Sovannaroth,
S.,Pukrittayakamee, S., Jittamala, P., Chotivanich, K., Chutasmit, K., 
Suchatsoonthorn, C.,Runcharoen, R., Hien, T. T., Thuy-Nhien, N. T., Thanh, N.
V., Phu, N. H., Htut, Y., Han,K., Aye, K. H., Mokuolu, O. A., Olaosebikan, R. R., 
Folaranmi, O. O., Mayxay, M.,Khanthavong, M., Hongvanthong, B., Newton, P. 
M., Onyamboko, M. A., Fanello, I. O.,Tshefu, A. K., Mishra, N., Valecha, N.,
Phyo, N. P., Nosten, O., Yi, P., Tripura, R.,Borrmann, S., Bashraheil, M., Peshu,
J., Faiz, M.A., Ghose, A., Hossain, M. A., Samad, R.,Rahman, M.A., Hasan, M. 
R., Islam, A., Miotto, O., Amato, J., MacInnis, B., Stalker, J.,Kwiatkowski, D. P., 
Bozdech, Z., Jeeyapant, A., Cheah, P. Y., Sakulthaew, T., Chalk, J.,Intharabut, K.,
Silamut, K., Lee, S. J., Vihokhern, B., Kunasol, C., Imwong, M., Tarning,
J.,Taylor, W. J., Yeung, S., Woodrow, C. J., Flegg, J. A., Das, D., Smith, J.,
Venkatesan, M.,Plowe, C. V., Stepniewska, K., Guerin, P. J., Dondorp, A. M.,
Day, N. P., & White, N. J.2014. Spread of Artemisinin Resistance in Plasmodium 
falciparum Malaria. New EnglandJournal of Medicine, 371(5), 411–423. 
Balaji, S. N., & Trivedi, V. 2012. Extracellular methemoglobin mediated early ROS 
spike triggers osmotic fragility and RBC destruction: An insight into the enhanced 
hemolysis during malaria. Indian Journal of Clinical Biochemistry, 27(2), 178– 
185. 
Banerjee, R., Liu, J., Beatty, W., Pelosof, L., Klemba, M., & Goldberg, D. E. 2002. Four
plasmepsins are active in the Plasmodium falciparum food vacuole, including a
protease with an active-site histidine. National Academy of Sciences, 99(2), 990– 
995.
Bensch, S., Hellgren, O., & Perez-Tris, J. 2009. MalAvi: A public database of malaria 
parasites and related haemosporidians in avian hosts based on mitochondrial 
cytochrome b lineages. Molecular Ecology Resources, 9(5), 1353–1358. 
Bhatt, M. R., Khatri, Y., Rodgers, R. J., & Martin, L. L. 2017. Role of cytochrome b5 in 
the modulation of the enzymatic activities of cytochrome P450 17α-
hydroxylase/17,20-lyase (P450 17A1). Journal of Steroid Biochemistry and





   
   
  
   
 






   







   
      





   
Borner, J., Pick, C., Thiede, J., Kolawole, O. M., Kingsley, M. T., Schulze, J., Cottontail,
V., Wellinghausen, N., Schmidt-Chanasit, J., Bruchhaus, I., & Burmester, T. 
2016. Phylogeny of haemosporidian blood parasites revealed by a multi-gene
approach. Molecular Phylogenetics and Evolution, 94, 221–231.
Clark, N. J., Clegg, S. M., & Lima, M. R. 2014. A review of global diversity in avian
haemosporidians (Plasmodium and Haemoproteus: Haemosporida): New insights 
from molecular data. International Journal for Parasitology, 44(5), 329–338.
Cohen, J. M., Smith, D. L., Cotter, C., Ward, A., Yamey, G., Sabot, O. J., & Moonen, B. 
2012. Malaria resurgence: A systematic review and assessment of its causes. 
Malaria Journal, 11. 
Cox, F. E. 2010. History of the discovery of the malaria parasites and their vectors. 
Parasites & Vectors, 3(1), 5.
Crompton, P. D., Pierce, S. K., & Miller, L. H. 2010. Advances and challenges in malaria
vaccine development. Journal of Clinical Investigation, 120(12), 4168–4178. 
Daszak, P., Cunningham, A. & Hyatt, A. D. 2000. Emerging infectious diseases of 
wildlife threats to biodiversity and human health. Science, 287(1), 443–449. 
Davies, T. J. & Pedersen, A. B. 2008. Phylogeny and geography predict pathogen 
community similarity in wild primates and humans. Royal Society B: Biological 
Sciences, 275(1643), 1695 1701. 
Drovetski, S. V., Aghayan, S. A., Mata, V. A., Lopes, R. J., Mode, N. A., Harvey, J. A. & 
Voelker, G. 2014. Does the niche breadth or trade-off hypothesis explain the 
abundance occupancy relationship in avian Haemosporidia? Molecular Ecology, 
23(13), 3322–3329.
Drummond, A. J., & Rambaut, A. 2007. BEAST: Bayesian evolutionary analysis by
sampling trees. BMC Evolutionary Biology, 7(1), 214.
Drummond, A. J., Suchard, M. A., Xie, D., & Rambaut, A. 2012. Bayesian phylogenetics 
with BEAUti and the BEAST 1.7. Molecular Biology and Evolution, 29,1969-
1973.
Duval, L., Fourment, M., Nerrienet, E., Rousset, D., Sadeuh, S. A., Goodman, S. M.,
Andriaholinirina, N., Randrianarivelopjosia, M., Paul, R., Robert, V., Ayala, F., 
Ariey, F. 2010. African apes as reservoirs of Plasmodium falciparum and the 
origin and diversification of the Laverania subgenus. National Academy of





   
   
 





   
 
    
















Eggleson, K. K., Duffin, K. L., & Goldberg, D. E. 1999. Identification and 
characterization of falcilysin, a metallopeptidase involved in haemoglobin 
catabolism within the malaria parasite Plasmodium falciparum. Journal of
Biology and Chemistry, 274(45), 32411–32417. 
Faria, R., Renaut, S., Galindo, J., Pinho, C., Melo-Ferreira, J., Melo, M., Jones, F., 
Salzburger, W., Schluter, D., & Butlin, R. 2014. Advances in Ecological 
Speciation: An integrative approach. Molecular Ecology, 23(3), 513–521. 
Fennell, C., Babbitt, S., Russo, I., Wilkes, J., Ranford-Cartwright, L., Goldberg, D. E., &
Doerig, C. 2009. PfeIK1, a eukaryotic initiation factor 2α kinase of the human 
malaria parasite Plasmodium falciparum, regulates stress-response to amino-acid 
starvation. Malaria Journal, 15, 1–15.
Fong, M. Y., Wong, S. S., Silva, J. De, R., & Lau, Y. L. 2015. Genetic polymorphism in 
domain I of the apical membrane antigen-1 among Plasmodium knowlesi clinical 
isolates from Peninsular Malaysia. Acta Tropica, 152, 145–150. 
Galen, S., Borner, J., Martinsen, E., Schaer, J., Austin, C., West, C., & Perkins, S. 2017. 
The polyphyly of Plasmodium: Comprehensive phylogenetic analyses of the
malaria parasites (order Haemosporida) reveal widespread taxonomic conflict. 
Royal Society Open Science. Manuscript.
Galen, S., & Witt, C. 2014. Diverse avian malaria and other haemosporidian parasites in 
Andean house wrens: Evidence for regional co-diversification by host-switching. 
Journal of Avian Biology, 45(4), 374-386.
Gardner, M. J. 1999. The genome of the malaria parasite. Genetics and Development, 
9(6), 704–708.
Gavigan, C. S., Dalton, J. P., & Bell, A. 2001. The role of aminopeptidases in 
hemoglobin degradation in Plasmodium falciparum -infected erythrocytes. 
Molecular & Biochemical Parasitology, 117, 37–48.
Feehery, G. R., Yigit, E., Oyola, S. O., Langhorst, B. W., Schmidt, V. T., Stewart, F. J.,
Dimalanta, E. T., Amaral-Zettler, L. A., Davis, T., Quail, M. A., & Pradhan, S. 
2013. A Method for Selectively Enriching Microbial DNA from Contaminating
Vertebrate Host DNA. PLoS ONE, 8(10).
Galen, C. S., Borner, B., Martinsen, S. E., Schaer, J., Austin, C. C., West, J. W., Perkins, 
L. S. (2018). The polyphyly of Plasmodium: Comprehensive phylogenetic
analyses of the malaria parasites (order Haemosporida) reveal widespread
















    
  














Goldberg, D. E., Slater, A. F., Cerami, A., & Henderson, G. B. 1990. Hemoglobin 
degradation in the malaria parasite Plasmodium falciparum: an ordered process in 
a unique organelle. National Academy of Sciences of the United States of
America, 87(8), 2931–2935. 
Haruki, H., Hovius, R., Pedersen, M. G., & Johnsson, K. 2015. Tetrahydrobiopterin 
biosynthesis as a potential target of the kynurenine pathway metabolite 
xanthurenic acid. The American Society for Biochemistry and Molecular Biology, 
(6), 1–15.
Hellgren, O., Waldenström, J., & Bensch, S. 2004. A New PCR Assay for Simultaneous 
Studies of Leucocytozoon, Plasmodium, and Haemoproteus From Avian Blood. 
Journal of Parasitology, 90(4), 797–802. 
Hirohito, H., Ruud, H., Pedersen, M., & Johnsson, K. 2015. Tetrahydrobiopterin 
biosynthesis as a potential target of the kynurenine pathway metabolite. 
Manuscript, (6)1-15.
Hiroshi, Y., Shimada, T., Martin, M. V., & Guengeric F. P. 2001. Stimulation of
Cytochrome P450 Reactions by Apo-Cytochrome b 5. The American Society for
Biochemistry and Molecular Biology, Manuscript.
Jianbing, M., Joy, D.A., Duan, J., Huang, Y., Carlton, J., Walker, J., Barnwell, J., Beerli, 
P., Charleston, M. A., Pybus, O. G., & Su, X. 2005. Host switch leads to 
emergence of Plasmodium vivax malaria in humans. Molecular Biology and 
Evolution, 22(8), 1686–1693.
Joana C. S., Egan, A., Arze, C., Spouge, J. L., & Harris, D. G. 2015. A New Method for
Estimating Species Age Supports the Coexistence of Malaria Parasites and Their 
Mammalian Hosts. Society for Molecular Biology and Evolution, 1354–1364.
Johansson, E. W., Cibulskis, R. E., & Steketee, R. W. 2010. Malaria Funding & Resource
Utilization: The First Decade of Roll Back Malaria. Progress and Impact Series, 
(1).
Jones, K. M., & Good, F. M. 2006. Malaria parasites up close. Nature Medicine 12, 170-
171.
Klemba, M., Gluzman, I., & Goldberg, D. E. 2004. A Plasmodium Falciparum
Dipeptidyl Aminopeptidase I Participates in Vacuolar Hemoglobin Degradation. 
The Journal of Biological Chemistry, 279(41), 43000–43007.
Kosakovsky Pond, S. L., Frost, S. D. W., & Muse, S. V. 2005. HyPhy: hypothesis testing













   



















Kosakovsky Pond, S. L., & Frost, S. D. W. 2005. Not So Different After All: A 
Comparison of Methods for Detecting Amino Acid Sites Under Selection. The
Journal of Molecular Biological Evolution, 22, 1208-1222. 
Kosakovsky Pond, S. L., Murrell, B., Fourment, M., Frost, S. D. W., Delport, W., &
Scheffler, K. 2011. A random effects branch-site model for detecting episodic 
diversifying selection. Molecular Biology and Evolution, 28(11), 3033–3043.
Lauron, E. J., Oakgrove, K. S., Tell, L. A., Biskar, K., Roy, S. W., & Sehgal, R. N. M. 
2014. Transcriptome sequencing and analysis of Plasmodium gallinaceum reveals 
polymorphisms and selection on the apical membrane antigen-1. Malaria Journal, 
13(1), 1–14. 
Lim, S. S., Yang, W., Krishnarjuna, B., Kannan Sivaraman, K., Chandrashekaran, I. R., 
Kass, I., & McGowan, S. 2014. Structure and dynamics of apical membrane
antigen 1 from plasmodium falciparum FVO. Journal of Biochemistry, 53(46), 
7310–7320. 
Linda, D. B., Fourmentc, M., Nerrienete, D. E., Roussetf, F. D., Sadeuhf, S. A., 
Goodmang, A. M., Andriaholinirinah, N. V., Randrianarivelojosiai, M., Paulb, R. 
E., Roberta, V., Ayalak, F. J., & Ariey, F. 2010. African apes as reservoirs of 
Plasmodium falciparum and the origin and diversification of the Laverania
subgenus. National Academy of Sciences of the United States of America, 
107(23), 10561–10566.
Liu, P. 2017. Plasmepsin: Function, Characterization and Targeted Antimalaria Drug
Development. Natural Remedies in the Fight Against Parasites, INTECH, Ch(8). 
Loiseau, C., Harrigan, R. J., Bichet, C., Julliard, R., Garnier, S., Lendvai, A. Z., Sorci, G. 
2013. Predictions of avian Plasmodium expansion under climate change. 
Scientific Reports, 3, 1126. 
Loiseau, C., Harrigan, R. J., Bichet, C., Julliard, R., Garnier, S., Lendvaida, A. Z., 
Chastel, O., & Sorci, G. 2013. Predictions of avian Plasmodium expansion under 
climate change. Scientific Reports, 3, 1126. 
Loy, E. D., Liua, W., Lia, Y., Learna, G. H., Plenderleithc, L. J., Sundararamana, S. A., 
Sharpc, P. M., & Hahna. B. H. 2017. Out of Africa: origins and evolution of the
human malaria parasites Plasmodium falciparum and Plasmodium vivax. Int J. 
Parasitol, 47(2-3): 87–97.
Maddison, W. P., & Maddison. D.R. 2011. Mesquite: a modular system for evolutionary
analysis. Version 2.75.
Marcus, J, J, O., Esberg, A., Huang, B., Bjork, G. R., Bystrom, A. S. 2008. Eukaryotic
Wobble Uridine Modifications Promote a Functionally Redundant Decoding
































Marzal, A., Garcıa-Longoria, L., Callirgos, J. M. C., & Sehgal, R. N. M. 2014. Invasive 
avian malaria as an emerging parasitic disease in native birds of Peru. Biol
Invasions,17:39–45.
Moore, L. R., Fujioka, H., Williams, P. S., Chalmers, J. J., Grimberg, B., Zimmerman, P., 
& Zborowski, M. 2006. Hemoglobin degradation in malaria-infected erythrocytes 
determined from live cell magnetophoretic. National Institute of Health, 20(6), 
747-749.
Mu, J., Joy, D. A., Duan, J., Huang, Y., Carlton, J., Walker, J., Barnwell, J., Beerli, P., 
Charlestion, M., Pybus, O., & Su, X. Z. 2005. Host switch leads to emergence of 
Plasmodium vivax malaria in humans. Molecular Biology and Evolution, 22(8), 
1686–1693.
Niebuhr, C. N., & Blasco-Costa, I. 2016. Improving detection of avian malaria from host 
blood: a step towards a standardised protocol for diagnostics. Parasitology
Research, 1–7. 
Oakgrove, K. S., Harrigan, R. J., Loiseau, C., Guers, S., Seppi, B., & Sehgal, R. N. M. 
2014. Distribution, diversity and drivers of blood-borne parasite co-infections in 
Alaskan bird populations. International Journal for Parasitology, 44(10), 717–727. 
Outlaw, D. C., & Ricklefs, R. E. 2010. Comparative Gene Evolution in Haemosporidian 
(Apicomplexa) Parasites of Birds and Mammals. Molecular Biology and 
Evolution, 27(3), 537–542.
Outlaw, R. K., Counterman, B., & Outlaw, D. C. 2014. Differential patterns of molecular
evolution among Haemosporidian parasite groups. Parasitology, 1–11. 
Pérez-Tris, J., Hellgren, O., Križanauskiene, A., Waldenström, J., Secondi, J., Bonneaud, 
C., Jkeldsa, J., Hasselquist, D., & Bensch, S. 2007. Within-host speciation of 
malaria parasites. PLoS ONE, 2(2). 
Perkins, S. L. 2014. Malaria’ s Many Mates: Past, Present, and Future of the Systematics 
of the Order Haemosporida. Journal of Parasitology, 100(1), 11–25.
Perkins, S. L., & Schall, J. J. 2002. A molecular phylogeny of malarial parasites 
recovered from cytochrome b gene sequences. Journal of Parasitology, 88(5), 
972–978.
Ponpuak, M., Klemba, M., Park, M., Gluzman, I. Y., Lamppa, G. K., & Goldberg, D. E.
2007. A role for falcilysin in transit peptide degradation in the Plasmodium 
falciparum apicoplast. Molecular Microbiology, 63(2), 314–334. 
Prugnolle, F., McGee, K., Keebler, J., & Awadalla, P. 2008. Selection shapes malaria
genomes and drives divergence between pathogens infecting hominids versus 




     
 




















Rambaut, A., & Drummond, A. J. 2007.Tracer v1.4.
Rambaut, A. 2007. FigTree. Molecular evolution, phylogenetics, and epidemiology. 
Ricklefs, R. E., Outlaw, D. C., Svensson-Coelho, M., Medeiros, M. C I., Ellis, V. E., &
Latta, S. 2014. Species formation by host shifting in avian malaria parasites. 
National Academy of Science of the United State of America. 111(41), 14816-21
Ricklefs, R. E., Fallon, S. M., & Bermingham, E. 2004. Evolutionary Relationships, 
Cospeciation, and Host Switching in Avian Malaria Parasites. Systematic 
Biology, 53(1), 111–119.
Ron, C., Altman, T., Billington, R., Dreher, K., Foerster, H., Fulcher, C. A., Holland, T. 
A., Keseler, I. M., Kothari, A., Kubo, A., Krummenacker, M., Latendresse, M., 
Mueller, L. A., Ong, Q., Paley, Subhraveti, S. P.,  Weaver, D. S., Weerasinghe, 
D., Zhang, P., & Karp, P. D. 2014. The MetaCyc database of metabolic pathways 
and enzymes and the BioCyc collection of Pathway/Genome Databases. Nucleic
Acids Residues, 42 (D1), D459-D471.
Rubach, M. P., Mukemba, J., Florence, S., Lopansri, B. K., Hyland, K., Volkheimer, A. 
D., & Granger, D. L. 2015. Impaired Systemic Tetrahydrobiopterin 
Bioavailability and Increased Oxidized Biopterins in Pediatric Falciparum
Malaria: Association with Disease Severity. PLoS Pathogens, 11(3), 1–22. 
Santiago-Alarcon, D., Rodriguez-Ferraro, A., Parker, P., & Ricklefs, R. 2014. Different 
meal, same flavor: cospeciating and host switching of haemosporidian parasites in 
some non-passerine birds. Parasites and Vectors, 7(1), 286. 
Schaer, J., Perkins, S. L., Dechr, J., Leendertz, F. H., Fahr, J., Weber, N., &
Matuschewski, K. 2013. High diversity of West African bat malaria parasites and 
a tight link with rodent Plasmodium taxa. National Academy of Sciences, 
110(43), 17415-17419.
Sergeev, G. V., Gilep, A. A., & Usanov, S. A. 2014. The Role of Cytochrome b 5 
Structural Domains in Interaction with Cytochromes P450. Biochemistry
(Moscow), 79(5), 406–416.
Sequencher® version 5.4.6 DNA sequence analysis software, Gene Codes Corporation, 
Ann Arbor, MI USA 
Sievers, F., Wilm, A., Dineen, D. G., Gibson, T. J., Karplus, K., Li, W., Lopez, R., 
McWilliam, H., Remmert, M., Söding, J., Thompson, J. D., & Higgins, D. G. 
2011. Fast, scalable generation of high-quality protein multiple sequence






























   
Sigala, P. A., Crowley, J. R., Hsieh, S., Henderson, J. P., & Goldberg, D. E. 2012. Direct 
tests of enzymatic heme degradation by the malaria parasites Plasmodium 
falciparium. The American Society for Biochemistry and Molecular Biology,
287(45), 37793-37807. 
Silva, J. C., Egan, A., Arze, C., Spouge, J. L., & Harris, D. G. 2015. A new method for
estimating species age supports the coexistence of malaria parasites and their 
mammalian hosts. Molecular Biology and Evolution, 32(5), 1354–1364. 
Smadja, C. M., Canback, B., Vitalis, R., Gautier, M., Ferrari, J., Zhou, J. J., & Butlin, R. 
K. 2012. Large-scale candidate gene scan reveals the role of chemoreceptor genes 
in host plant specialization and speciation in the pea aphid. Evolution, 66(9), 
2723–2738. 
Soumendranath, C., Mukhopadhyay, P., Bandyopadhyay, R., Dhal, P., Biswal, D., &
Bandyopadhyay, P. K. 2016. Molecular characterization and phylogenetic
analysis of Plasmodium vivax, Plasmodium falciparum, Plasmodium ovale, 
Plasmodium malariae and Plasmodium cynomolgi. Journal of Parasitic Diseases, 
41(1), 230-236.
Tang, Y., Pei, Z., Liu, L., Wang, D., Kong, L., Liu, S., & Ma, H. 2017. Expression and 
Enzyme Activity Detection of a Sepiapterin Reductase Gene from Musca
domestica Larva. Applied Biochemistry and Biotechnology, 181(2), 604–612. 
Valkiunas, G., Palinauskas, V., Ilgunas, M., Bukauskaite, D., Dimitrov, D., Bernotiene, 
R., Zehtindjiev,P., Ilieva, M., & Iezhova, T. A. 2014. Molecular characterization 
of five widespread avian haemosporidian parasites (Haemosporida), with 
perspectives on the PCR-based detection of haemosporidians in wildlife. 
Parasitology Research, 113(6), 2251–2263. 
Valkiunas, G. 2005. Avian malaria parasites and other haemosporidian. CRC Press. Boca
Raton, FL.
Van Dooren, G. G., Stimmler, L. M., & McFadden, G. I. 2006. Metabolic maps and 
functions of the Plasmodium mitochondrion. FEMS Microbiology Reviews, 
30(4), 596–630. 
Videvall, E., Cornwallis, C. K., Palinauskas, V., Valkiunas, G., & Hellgren, O. 2015. The
avian transcriptome response to malaria infection. Molecular Biology and 
Evolution, 32(5), 1255–1267. 
Walstrom, V. W., & Outlaw, D. C. 2017. Distribution and Prevalence of Haemosporidian 
Parasites in the Northern Cardinal (Cardinalis cardinalis). The Journal of 
Parasitology, 103(1):6








   
  
  
   
 
 
Yamada, K. A., & Sherman, I. W. 1979. Plasmodium lophurae: Composition and 
properties of hemozoin, the malarial pigment. Experimental Parasitology, 48(1), 
61–74. 
Yan, Z., He, Z., Yan, Z., Si, F., Zhou, Y., & Chen, B. 2018. Genome-wide and 
expression-profiling analyses suggest the main cytochrome P450 genes related to 
pyrethroid resistance in the malaria vector, Anopheles sinensis (Diptera
Culicidae). Society of Chemical Industry.
Yang, Z. 2007. PAML 4: Phylogenetic analysis by maximum likelihood. Molecular
Biology and Evolution, 24(8), 1586–1591. 
Yang, Z. 1997. PAML: a program package for phylogenetic analysis by maximum












   
 
 
   
A.1 GC Content















   
 
 







A.2 Fixed Effects Likelihood Results 
Table A.2 FEL results for positive and negative selection of genes 
Number of Sites Postive Selection Negative Selection
Aminopeptidase 211 0 64
CytochromeB5 98 0 39
Falcilysin 319 1 120
Plasemepsin 330 0 109
Ama1 244 0 194
Spr 235 0 193
Mcm 246 0 210
eIF2 287 0 213
A.3 Phylogenetic Analysis by Maximum Likelihood Results
Table A.3 Paml results for all genes
69
Table A.3 (continued) 
A.4 Legend for the species trees 
Table A.4 Species tree legend 
Species Branch Color 
Human Blue 
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Plasmodium Haemoproteus Leucocytozoon Total Prevalence 





































     
  
     
  
  
     
  
     
     
     






   
 
 
     
  
   
 
 




   
 
 
   
 
 
     




B.2 Blood samples 










4-13Car1 pos,sent Plasmodium (98%m, 98%q) KX867093.1 
4-21NC1 neg
4-21NC2 pos,sent Plasmodium (100%m, 99%q) KX867093.1 
4-21NC3 neg
4-28NC1 neg
4-28NC2 pos,sent Plasmodium (100%m, 99%q) KX867093.1 
4-28TTM neg
5-10NC1 pos,sent Plasmodium (97%m, 100%q) HQ724298.1
5-10NC2 pos Plasmodium (97%m, 100%q) HQ724298.2
5-25NC1 pos,sent Plasmodium (95%m, 100%q) KJ14506.1






7-19NC pos,sent Plasmodium (100%m, 
100%q)
GU252012.1























    





     
  
   
 
 
   
 
 
     




    
 
    
 
     
    
 
  




    
 
    
 
    
 
    
 
   
 
    
 






     
     
  
     
     
 
Table B.1 (continued)





8-30 NC pos,sent Haemoproteus (99%m, 100q) GQ395668.1
8-31TT neg
9-9NC pos,sent Haemoproteus (100%m, 
100%q)
GQ395668.0
9-15 NC pos,sent Leucocytozoon (97%m, 
100%q)
EF032867.1 
9-18NC pos,sent Plasmodium (98%m,100%q) KX867093.1




10-10NC2 pos,sent Plasmodium (100%m,100%q) HM222481.1
10-10TT pos,sent Leucocytozoon (98%m, 98%q) KU295417.1 
10-17NC1 pos,sent Plasmodium (100m,100%q) KX867093.1
10-17NC2 pos,sent Plasmodium (100%m,100%q) KY318064.1 
10-24NC neg
11-2NC pos,sent Plasmodium (99%m, 100%q) MG766446.1
11-2TT neg
11-4NC1 neg
11-4NC2 pos,sent Plasmodium (99%m,99%q) KX867093.0
11-13NC1 pos,sent Plasmodium (99%m,99%q) KX867093.1
11-20NC1 pos,sent Plasmodium (99%m, 100%q) GU252012.0
11-20NC2 pos,sent Haemoproteus (97%m,100%q) GQ395668.1 
11-22NC pos,sent Haemoproteus(100%m,100%q) MF817766.1 
12-2NC pos,sent Plasmodium (100%m,99%q) MF817778.1





1-30NC pos,sent Plasmodium (100%m,100%q) GU252012.1
2-7 CC pos,sent Plasmodium (100%m,100%q) KX867093.1
2-7 HF neg
2-13 HW pos,sent Plasmodium (100%m,99%q) MG766446.1

















     
  
     
     
2-19 BT neg
2-20 YW neg
2-22 NC1 pos,sent Plasmodium (100%m,100%q) KY318055.1
2-22 NC2 neg
4-21NC1 pos,sent Plasmodium (100%q,100%m) KX867093.1 
4-28 NC pos,sent Plasmodium (100%q,100%m) KX867093.2
75
